To determine whether, as predicted by predator-prey dynamics, early withdrawal of antiretroviral therapy, i.e., when the number of CD4+ lymphocytes is still elevated, results in an overshoot of HIV-1 viraemia due to infection of increased numbers of available target cells at that time.
Introduction
Although infection with HIV-1 is characterized by an extremely rapid turnover of virus and infected cells [1] [2] [3] , the level of circulating virus and the number of peripheral CD4+ lymphocytes are relatively stable in the short term. This indicates a balance between high levels of viral replication and a rapid renewal of CD4+ target cells. This quasi-equilibrium is perturbed by the institution of antiretroviral treatment, which results in a reduction of the virus load, accompanied by a rise in the number of CD4+ lymphocytes, presumably due to protection of target cells from novel infections. It can be hypothesized that, in the case of incomplete suppression of the viral replication, the increased number of CD4+ cells provides the virus with more target cells, resulting in increased production of virus [4] . We have previously demonstrated that, during zidovudine treatment, increased target cell availability can explain an initial resurgence in virus load that precedes the development of drug-resistance [5] . Assuming that availability of target cells indeed plays a role in determining the virus load during treatment, early withdrawal of suppressive therapy, at a time when the number of CD4+ cells are still elevated, would be expected to result in a transient overshoot of HIV-1 viraemia to levels exceeding the pretreatment values. In view of the dynamics of HIV-1 infection, such an overshoot would occur very soon after therapy withdrawal.
To assess whether a burst of viraemia indeed occurs following early discontinuation of therapy, we identified five HIV-1-infected individuals who stopped treatment soon after the institution of therapy for various reasons, and from whom serum samples, obtained shortly after withdrawal of therapy, were available. In these subjects, serum HIV-1 RNA load was assessed during and after treatment. A mathematical model was designed to assess whether increased target cell availability could quantitatively explain our clinical observations.
Patients and methods
Five HIV-1-infected individuals were identified who received antiretroviral treatment for a short period of time and from whom stored serum samples obtained before, during, and shortly after discontinuation of treatment were available. The characteristics of these individuals are shown in Table 1 . The subjects were treated with either the protease inhibitor indinavir (subjects A, B), or the non-nucleoside reverse transcriptase inhibitor nevirapine (subjects D, E), in one patient (person D) alternating with zidovudine, for a period ranging from 8 to 19 days. They stopped treatment for various reasons. Follow-up after discontinuation of treatment ranged from 8 to 24 days ( Fig. 1 ). In subject A, treatment was reinstituted after 24 days of interruption ( Fig. 1 ). The HIV-1 RNA load was measured in serum samples stored at -70°C, using a quantitative nucleic acid sequence-based amplification (NASBA) technique [6] . In addition, the serum levels of immune complex-dissociated p24 antigen were measured in three subjects who were p24 antigen-positive (individuals C-E), using a commercially available enzyme linked immunosorbent assay (Coulter, Hialeah, Florida, USA). The CD4+ lymphocyte counts had been assessed at regular intervals.
Results

Virus load and CD4+ cells during treatment
The HIV-1 RNA load declined during treatment in all five subjects ( Fig. 1 ). Observed maximum decreases ranged from 0.66 to 1.87 log RNA copies/ml. At the time of therapy withdrawal, the virus load was still below the baseline values in all subjects (range, -1.51 to -0.33 log copies/ml). In subject A, the virus load increased substantially prior to therapy withdrawal. Note that, in this individual, a similar resurgence was observed during the second treatment period, after which the virus load remained approximately log 10 below pretreatment values until the last assessment at 4 weeks after reinstitution of treatment. Since the virus appeared sensitive to the drug during the second treatment period, the initial resurgences were unlikely to be caused by the development of drug-resistance. In view of the marked rises in CD4+ cell counts during both treatment periods, a resurgence of wild-type virus due to increased target cell availability may be the more likely explanation [5] .
The declines in virus load in the five subjects were paralleled by increases in CD4+ cell counts; maximum rises from pretreatment values ranged from 40 to 190 cells × 10 6 /l. Around the time of therapy withdrawal, CD4+ cell counts were still increased in four of the five subjects. In subject E, the CD4+ cell count had already returned to pretreatment values at that time, presumably due to the emergence of drug-resistant virus variants. In this patient, the complete HIV-1 RNA population in serum at day 25 was shown to harbour the nevirapine resistance-conferring Y181C amino acid change in HIV-1 reverse transcriptase (data not shown) [7] .
Virus load and CD4+ cells after treatment
Following discontinuation of treatment, increases in virus load were observed in four of the five subjects, reaching levels ranging from log 10 0.57-1.46 above pretreatment values ( Fig. 1 ). In two of the three p24 antigen-positive patients (C and D), this was paralleled by an increase in p24 antigen levels to 95 and 293% above pretreatment values, respectively.
The largest increases in virus load were observed in serum samples obtained during the first week after discontinuation of therapy. When considering all of the serum samples obtained from the five subjects after therapy withdrawal (n = 11), regression analysis showed a significant inverse correlation between the elapsed number of days since withdrawal of therapy and the changes in virus load from pretreatment values (correlation coefficient = 0.69, P = 0.0015) (Fig. 2) . Taken together, these observations suggest that an overshoot of HIV-1 viraemia occurs within days after therapy withdrawal, which subsequently wanes over the next weeks until the pretreatment equilibrium between the virus and its target cells is attained. This is substantiated by the course of the virus load in subject A, who was the individual studied in most detail (Fig. 1a ). As shown in subjects A and B, from whom the earliest samples after therapy withdrawal were available, the overshoot in viraemia can be extremely large. The observed increases in subjects C and D possibly are underestimations of the actual maximal increases, since the maximal burst of viraemia may have preceded the first timepoint at which the virus load was measured. In subject E, an increase in serum HIV-1 RNA load to levels exceeding the baseline values was not observed and the p24 antigen levels remained low after discontinuation of treatment. It was noted that the CD4+ lymphocyte count in this individual had already returned to the pretreatment value at the time of therapy withdrawal, and viral resistance to nevirapine had already developed.
Predator-prey dynamics and the overshoot in viraemia
We developed a simple mathematical model to study whether the large overshoots in HIV-1 RNA load can indeed be explained by increased availability of CD4+ target cells at the time of therapy withdrawal. Our model is similar to an ecological Lotka-Volterra predator-prey model, where a prey, in this case the CD4+ target cell, is eaten by a predator, i.e., HIV-1. Such a model aims at elegance and simplicity, and allows one to derive results that are generic, i.e., results that should be independent of the model details.
Our model has been described in detail before [5, 8] . In short, we assume that HIV-1 can only establish productive infection in activated T cells [9] . Since only a fraction of CD4+ T cells is activated, and hence is a target cell for HIV-1, we distinguished resting CD4+ T cells R, and activated target CD4+ T cells T. The activation of resting cells at a rate α gives rise to target cells, which divide and return to the resting stage at rate β. This translates in the following set of differential equations:
Resting T cells have a life
Some of the parameters in the model are well established. The turnover rates of productively infected cells and infectious virions have been estimated to be d I = 0.5 per day, and c = 3 per day respectively [3] .
Since resting T cells are long lived [10] , we set the lifetime of resting cells to be 100 days, i.e., d R = 0.01 per day. The viral load is scaled such that ρ = 1. Although it is not known at what rate an activated T cell reverts to the resting stage, we assumed that a T cell remains activated for approximately two days, and set β = 0.5 per day. The remaining parameters are the activation rate α, and the infection rate γ in the absence and presence of antiretroviral treatment. We fit these unknown parameters to the observations in subject A, from whom the most detailed data were available. The CD4+ cell count prior to treatment was only 10 cells × 10 6 /l, and the virus load was very high. We therefore assumed that the fraction of activated CD4+ T cells, i.e., the target cells, should be high. By setting α = 0.3 per day, we obtain that, before the initiation of treatment, 25% of the uninfected T cells are target cells. We tune the infection rate to γ = 0.5, such that a CD4+ cell count of 10 cells × 10 6 /l before start of treatment is obtained. Figure 3 shows a simulation of the model in which treatment with indinavir is started at day zero and is stopped at day 19. The pretreatment situation reflects the steady-state equilibrium which corresponds to the equilibrium of equation (1a-d). We model indinavir treatment by reducing the infection rate 10-fold between days zero and 19. Similar to the in vivo observations in subject A, the virus load declines to 2% of the pretreatment values, accompanied by a 17-fold rise of the CD4+ cell count. After withdrawal of treatment, an 'explosion' of virus load to levels exceeding pretreatment values by 27-fold is observed within 2-3 days. Since this model behaviour corresponds closely to the in vivo observations, we conclude that an increased availability of target cells can indeed be responsible for the observed large overshoots in the virus load following early withdrawal of treatment.
Discussion
Based on previous studies on the impact of increased target cell availability on virus load during antiretroviral therapy [4, 5] , we predicted that early discontinuation of antiretroviral treatment could lead to a transient overshoot of HIV-1 viraemia. We were able to assess the short-term effects on virus load of early therapy withdrawal in five HIV-1-infected individuals. Our observations suggest that increases in virus load do indeed occur immediately after discontinuation of antiretroviral treatment. These increases may be extremely large, and are at a maximum during the first few days after therapy withdrawal, subsequently waning over the next few weeks. In this respect, the overshoots in HIV-1 RNA load actually resemble the burst of viraemia during acute infection. The enormous potential of increased viral replication following therapy withdrawal is illustrated by subject B in our study, who showed a 1000-fold increase in virus load within 2 days after therapy withdrawal.
Our conjecture is that the overshoot in HIV-1 viraemia after early therapy withdrawal is due to the increased availability of target cells. It is noteworthy that in the one subject in our study whose virus load did not appear to exceed pretreatment values, the number of CD4+ cells had already returned to the pretreatment values before treatment was discontinued, which is supportive of this hypothesis. A simple mathematical model suggests that increased target cell availability can indeed account for the observed large overshoots in viraemia. Furthermore, the model supports our notion that the virus load increases most rapidly during the first few days after therapy withdrawal, and subsequently decreases towards pretreatment values due to the loss of available CD4+ target cells. Similarly, it has previously been suggested that the reduction in virus load following the burst of viraemia during acute infection is due to exhaustion of the permissive host cells, rather than to the onset of an effective immune response [11] .
Although the data in this study are limited, and confirmation in larger series is needed, our observations may have important implications. Most importantly, the risk of transmission of HIV-1 to others may be increased during the transient rise in viraemia. In this respect, special concern is warranted regarding mother-to-child transmission of HIV. High levels of maternal virus load may be associated with an increased risk of mother-tochild transmission [12] [13] [14] . In the developing countries, several clinical studies are in progress to evaluate the potential efficacy of short-term antiretroviral treatment regimens, instituted shortly prior to or at delivery, in preventing intra-partum mother-to-child transmission. However, it is well established that breast-feeding also carries a substantial risk of HIV transmission [15, 16] . Moreover, it has been suggested that the risk of trans- n-fold change from baseline mission through breast-feeding is enhanced during a primary infection of the mother due to the burst of viraemia that is generally observed in this period [17, 18] . It was noted that the overshoots in viraemia following therapy withdrawal in our study actually resemble the viraemic burst during primary HIV infection. If a similar overshoot in viraemia occurs after completion of short-term prophylactic antiretroviral regimens in pregnant women, the risk of transmission in the post-partum period through breast-feeding may thus be increased, thereby diminishing the prophylactic efficacy of these regimens. This possibility needs to be investigated urgently.
